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OTVE TURBOPUMP CONDITION MONITORING 

FINAL REPORT OCTOBER 3 ,  1988 

INTRODUCTION 

The scope o f  t h i s  e f f o r t  was t o  p rov ide  bear ing  wear measurements and r e a l  t ime  

mon i to r ing  o f  s h a f t  speed, s h a f t  a x i a l  d isp lacement  and s h a f t  o r b i t  o f  t h e  OTVE 

Hydros ta t i c  Bear ing l e s t e r .  

l i f e ,  as w e l l  as a x i a l  and r a d i a l  loads, t.hus measuring t h e  performance o f  

hyd ros ta t i c  bear ing  m a t e r i a l s .  

These measurements can then be c o r r e l a t e d  t o  bear ing  

This  In teg ra ted  Cont ro l  and Heal th  M o n i t o r i n g  e f f o r t  was t o  i n c l u d e  1)  

f i b e r o p t i c  def lectometers 2) eddy c u r r e n t  probes and 3 )  i s o t o p e  wear 

ana lys i s .  

o rder  t o  perform t h e  measurements: 

s h a f t  dynamic i n fo rma t ion  t o  two f i b e r o p t i c  def lectometers,  a copper p l a t i n g  

process t o  t r e a t  t h e  s h a f t  so t h a t  t h e  eddy c u r r e n t  probes can a l s o  measure s h a f t  

speed, and a c t i v a t i o n  produc t  l i s t  f rom cand ida te  bear ing m a t e r i a l s  and 

a c t i v a t i o n  c a l i b r a t i o n  f o r  i so tope wear mea5urements o f  t h e  h y d r o s t a t i c  bear ing.  

These technologies needed a p p l i c a t i o n  s p e c i f i c  s t u d i e s  t o  be made i n  
a s u i t a b l e  s h a f t  sur face  p a t t e r n  t o  p rov ide  

I n  o rder  t o  p rov ide  these o p t i c a l  measurements, a sur face p a t t e r n  t h a t  enables 

s h a f t  a x i a l ,  r a d i a l  and speed measurements v i a  f i b e r  o p t i c  de f l ec tomete r  was 

s tud ied.  A s u i t a b l e  p a t t e r n  was found t o  be e i g h t  t r i a n g l e s  o f  non - re f l ec t i ve  

m a t e r i a l  whose change o f  r e f l e c t i v i t y  f rom t h a t  o f  sh iny  t i t a n i u m  cu ts  the  l i g h t  
i n t e n s i t y  received by t h e  def lectometer .  7 h i r  change i n  i n t e n s i t y  and the  

associated t ime per iods  o f  t h e  drop i n  i n t e n s i t y  i nd i ca tes  s h a f t  a x i a l  and r a d i a l  

p o s i t i o n  and s h a f t  speed. These measurements a r e  accomplished by  a s igna l  

processing u n i t  t h a t  has been designed t o  t a k e  t h e  ou tpu t  o f  two orthogonal  

f i b e r o p t i c  def lectometers v iewing t h i s  p a t t e r n  and prov ide  r e a l - t i m e  s h a f t  

mon i to r ing  o f  speed and displacement. 

For redundancy i n  these s h a f t  measurements, B e n t l y  eddy c u r r e n t  probes w i l l  a l s o  

be used. I n  t h e  pas t  B e n t l y  eddy cu r ren t  probes have been used t o  measure s h a f t  

displacement and more r e c e n t l y  s h a f t  speed. 

been made by machining a depression o r  " g l i t c h "  which produces a vo l tage change 

i n  the  probe as i t  passes t h e  g l i t c h .  Th is  g l i t c h ,  however, can cause c a v i t a t i o n  

The s h a f t  speed measurements have 
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a t  h igh  s h a f t  speeds, so copper p l a t i n g  on to  t i t a n i u m  was i n v e s t i g a t e d  f o r  use 

w i t h  Bent ly  eddy c u r r e n t  probes t o  measure sha f t  speed. 

c o n d u c t i v i t y  between copper and t i t a n i u m  r e s u l t e d  i n  a vo l tage  change i n  t h e  eddy 

c u r r e n t  probe so t h a t  a pu l se  pe r  r e v o l u t i o n  speed s igna l  i s  produced f o r  each 

copper p la ted  area viewed by t h e  probe. 

depressions would s top  c a v i t a t i o n  and s t i l l  p rov ide  a speed s i g n a l .  A t i t a n i u m  

d i s k  was copper p l a t e d  on f o u r  0.5 inch squares and passed t h e  bend t e s t  f o r  

adhesion bonding and thermal cyc l i ng .  The d i s k  was then t e s t e d  on a r o t a t i n g  

demonstrator and was ab le  t o  p rov ide  a f o u r  pu l se  per  r e v o l u t i o n  speed s igna l  up 

t o  8300 rpm. 

The d i f f e r e n c e  i n  

A copper p l a t i n g  f i l l i n g  i n  the  

I n  a d d i t i o n  t o  s h a f t  moni tor ing,  bear ing  wear measurements w i t h  t h e  iso tope wear 

ana lys i s  w e r e  a l s o  t o  be performed i n  t h i s  l a r k ,  

wear through t h e  t e s t e r  wa l l s .  A s tudy o f  a c t i v a t i o n  products  o f  candidate 

bear ing ma te r ia l s  was made f o r  de terminat ion  of  des i rab le  i so topes  f o r  t he  

iso tope wear ana lys i s .  Samples o f  t h e  two m a t e r i a l s  chosen, Pure Carbon, P5N and 

Kennametal 1628, were sent  l o  Sp i re  Corpora t ion  f o r  a c t i v a t i o n  and c a l i b r a t i o n  

b u t  o n l y  the  P5N was chosen by r o t a t i n g  machinery t o  be c a l i b r a t e d .  

c a l i b r a t i o n  o f  normal ized a c t i v i t y  versus wear depth was generated and now i t  

remains t o  a c t i v a t e  an a c t u a l  bear ing.  

measuring h y d r o s t a t i c  bear ing 

The 

Continued developement and a p p l i c a t i o n  of thorc mearurement techno log ies  i s  
c r i t i c a l  f o r  r e l i a b i l i t y  o f  engine componc-ni t e s t i n g  and eva lua t i on .  
The f i b e r  o p t i c  de f lec tometer  s h a f t  mon i to r  and iso tope wear a n a l y s i s  can prov ide  

i n fo rma t ion  e s s e n t i a l  t o  turbopump s tud ies  ( i - e . ,  bear ing wear measurements, 

mon i to r ing  s h a f t  o r b i t  and shaft .  speed, e t c . ) .  

Technical  d iscuss ions o f  t h e  t e s t s  and r e s u l t s  o f  t h e  techno log ies  f o l l o w .  

FIBEROPTIC DEFLECTOHETER SHAFT HOWITOR 

lwo f i b e r o p t i c  de f lec tometer r  v iewing t h e  h y d r o s t a t i c  bear ing t e s t e r  s h a f t  w i l l  

be ab le  t o  mon i to r  s h a f t  speed, sha f t  a x i a l  and r a d i a l  d isp lacement .  This 

mon i to r ing  technique which has been s u i c e r s f u l l y  demonstrated i n  t h e  Advanced 

Ins t rumenta t ion  Lab requ i res  a s h a f t  su r face  p a t t e r n  and a s i g n a l  processing u n i t  

t h a t  has been designed. 
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7he M T l  1000 f i b e r o p t i c  def  lectometer  t r a n s m i t s  l i g h t  through f i b e r o p t i c  cable t o  

a t a r g e t  surface. The i n t e n s i t y  o f  l i g h t  rece ived  back th rough t h e  f i b e r o p t i c  

cable i s  converted t o  a s i g n a l  p r o p o r t i o n a l  t o  probe- to- target  gap. Thus a 

change o f  i n t e n s i t y  accord ing t o  s h a f t  p o s i t i o n  and speed would enable the  

de f lec tometer  t o  measure these sha f t  dynamic parameters. The s i m p l e s t  way o f  

i n t r o d u c i n g  t h i s  change i s  t o  p lace  a su r face  p a t t e r n  on t h e  s h a f t  w i t h  severe 

changes i n  r e f l e c t i v i t y ,  a l t e r n a t i n g  a n o n - r e f l e c t i v e  sur face  and t h e  sh iny 

sur face o f  t he  t i t a n i u m  6-4 sha f t .  

A s u i t a b l e  geometr ica l  p a t t e r n  was found t o  he a b ina ry  number o f  symet r ica l  

t r i a n g l e s  along t h e  ci rcumference o f  t h e  one i n c h  diameter s h a f t  o f  t h e  t e s t e r .  

? h i s  p a t t e r n  o f  e i g h t  f l a t  b lack  t r i a n g l e s  was spray pa in ted  o n t o  a t i t a n i u m  d i s k  

t o  sp in  up t o  10,000 HPM on a r o t a t i n g  demonstrator  i n  t h e  A I  l a b .  A 0.125-inch 

diameter de f lec tometer  probe at tached t o  t r a n s l a t i o n  stage viewed t h e  0.125 i n c h  

he igh t ,  .785 i n c h  base t r i a n g l e s  a t  var ious  a x i a l  displacements ( t h e  t r a n s l a t i o n  

stage enabl ing q u a n t i f i a b l e  movement o f  t h e  clef lectometer a long t h e  s h a f t  a x i s ) .  

Ax ia l  displacement war thus  measured t o  w i t h i n  0.3 m i l s  (see f i g u r e  1) w i t h  t h e  

de f lec tometer  probe t i p  20 m i l s  f rom t h e  s h a f t  surface. 

I h e  def lectometers a re  s e t  t o  d e t e c t  changes; i n  r e f l e c t e d  o p t i c a l  energy f rom the  

t r i a n y u l a r  pa t te rn .  One de i lec tometer  i s ;  p o q i t i o n e d  normal t o  t h e  s h a f t  i n  a 
v e r t i c a l  p o s i t i o n ,  t h e  o t h e r  de f lec tometer  i s  normal t o  t h e  s h a f t  i n  a h o r i z o n t a l  

p o s i t i o n .  I h e  a x i a l  p o s i t i o n  o f  t h e  sensor r e l a t i v e  t o  t h e  c e n t e r  o f  t h e  

t r i a n g u l a r  p a t t e r n  on t h e  s h a f t  i s  i n d i c a t e d  by  t h e  r a t i o  o f  the per iods  o f  

r e f l e c t i v e  and n o n r e f l e c t i v e  pa t te rns  de tec ted  on t h e  s h a f t  (see f i g u r e s  2 and 

3 ) ,  t h a t  i s ,  t h e  s i g n a l  pu lse  w id th  i s  corrr81atcrd t o  a x i a l  d isp lacement .  Sha f t  

speed i s  measured as t h e  r a t e  o f  de tec ted  t r i a n g u l a r  p a t t e r n r .  Rad ia l  p o s i t i o n  

may be determined from measurement o f  t h e  magnitude o f  changes i n  r e f l e c t e d  l i g h t  

i n t e n s i t y ,  created by t h e  t r i a n g u l a r  p a t t e r n ,  i n  each a x i s .  The abso lu te  r a d i a l  

p o s i t i o n  o f  t h e  s h a f t  may s imul taneously  be clcterm.ined f rom t ime delays detected 

between orthogonal  sensors. 
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Numerous sur face t rea tment  processes were eva lua ted  f o r  su r face  adhesion i n  

cryogenic operat ions and re f l ec tance .  l i o d i z e ,  a t i t a n i u m  anod iz ing  process, was 

se lected based upon severa l  t i o d i z e d  r i v e t  samples prov ided by T i o d i z e  Co 

(Hunt ington Beach, CA)  t h a t  were t e s t e d  i n  t h e  Advanced Ins t rumen ta t i on  

1 a bora t o r y  . 

Samples of l i o d i z e  t ype  I w i t h  U l t r a  VE17 and l i o d i z e  type  11 were received from 

l i o d i z e  Co., t h e  type  I coupon having a b l a c k  powder f i n i s h  w h i l e  t h e  type I 1  has 

a smooth dark gray sur face.  Both samples were the rma l l y  cyc led  i n  LN2 and heated 

by a i r  guns. l h e  t ype  I s u r f a r e  f i n i r h  f l a k e d  and cracked i n  t h e  c y c l i n g  w h i l e  

t h e  type  11 f i n i s h  was unaf fec ted  by t h e  sudden temperature changes. l h i s  

sur face f i n i s h  c u t  t h e  r e f l e c t e d  l i g h t  s i g n a l  by 90% both  b e f o r e  and a f t e r  t h e  

thermal c y c l i n g .  

appropr ia te  f o r  t h e  I H2 environment o f  t h e  Hydros ta t i c  Bear ing l e s t e r .  

Because t h e  t y k e  IL f i n i 5 h  i s  unaf fec ted  by cryogen i t  i s  

A two-inch ou te r  dianieter l i t a n i u n i  d i s k  was t i o d i z e d  ( t ype  11) accord ing  t o  the  

t r i a n g u l a r  p a t t e r n  mentioned prev ious ly .  

s igna l  i n d i c a t i n g  t h a t  t h e  t i o d i z i r i g  process can be app l i ed  w i t h  s u f f i c i e n t  

accuracy t o  p rov ide  t h e  des i red  r e s o l u t i o n  f o r  s h a f t  mon i to r i ng .  

processing u n i t  t h a t  w i l l  process t h e  e l e c t r o n i c  s iqna l  f rom t h e  t w o  

def lectometers has been designed ( w e  f i g u r e  4 ) .  Analog ou tpu ts  f o r  s h a f t  speed, 
a x i a l  displacement, and o r b i t a l  d isp lacrmcnt  a r e  der ived  f rom d i g i t a l  a r i t h m e t i c  

processors and presented i n  analog fo rm u s i n g  d i g i t a l  t o  analog conver te rs  w i t h  

s i x teen  b i t  p r e c i s i o n .  l h i s  ou tpu t  was designed t o  be ab le  t o  p resent  the  t e s t  

engineers w i t h  r e a l  t ime  s h a f t  mon i to r ing .  

The p a t t e r n  prov ided a c lean speed 

l h e  s igna l  

l h i s  a p p l i c a t i o n  o f  a sur face  treatment has demonstrated t h e  f e a s i b i l i t y  o f  a 

r e a l  t i m e  mon i to r ing  o f  s h a f t  a x i a l  d isplarernent,  s h a f t  o r b i t  and s h a f t  speed 

w i t h  o n l y  two def lectometers.  lhese o p t i c a l  t a r g e t  areas have been inc luded on 

t h e  drawings f o r  t h e  01V h y d r o s t a t i c  bea r ing  t e s t e r  s h a f t .  However t h e  s igna l  

processing u n i t  must s t i l l  he h i l t  i o  irriylcmertt the o p t i c a l  s h a f t  mon i to r  i n  t h e  

Hydros ta t i c  Rearing l e r t e r ,  and f o u r  1-14, CCJNlpilt i b l e  f i b e r  o p t i c  de f  lectometers L 
must be purchnsed t o  coniplc*te t h e  o p t i c a l  in5 t rumenta t ion .  F u r t h e r  work i n  t h e  
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area o f  s igna l  process ing and placement. o f  su r face  pa t te rns  (such as a t  t he  a x i a l  

face o f  t h e  s h a f t  r a t h e r  than t h e  c i r c u m f e r e n t i a l  sur face)  would y i e l d  more 

r e s u l t s .  

ISOTOPE WEAR ANALYSIS 

Measuring the  changes i n  r a d i o a c t i v i t y  o f  an a c t i v a t e d  pure carbon P5N bear ing  

w i l l  p rov ide  an i n - s i t u  bear ing  wear mon i to r  f o r  t h e  OTVE h y d r o s t a t i c  bear ing 

t e s t e r .  Proton a c t i v a t i o n  o f  t h e  P5N m a t e r i a l  t o  two m i l s  depth  w i l l  produce 

Co56 arid the  change i n  t h e  amount of t h i s  r a d i o a c t i v i t y  w i l l  c o r r e l a t e  t o  wear i n  

t h e  a c t i v a t e d  volume o f  t h e  bear ing m a t e r i a l .  

I n i  t i a l  l y ,  t h e r e  were seven candidate bear ing  m a t e r i a l s  f o r  t h e  h y d r o s t a t i c  

bear ing t e s t e r .  Ba5ed upon t h e  rompos i t ion  of t h e r e  m a t e r i a l s ,  a s tudy o f  

a c t i v a t i o n  sources arid products  war conducted (see appendix I ) .  l h e  major 

component o f  t h e  m a t e r i a l s  was carbon, t h e  ma jo r  i so tope p roduc t  be ing  

Bery l l ium-7 having a 4 7 7  keV ent rgy  pcak arid a 70 day h a l f -  i f e .  l h i s  energy i s  

f a i r l y  low, lead ing  t o  s i g n i f i c a n t  a t t e n u a t i o n  through s tee  s so o t h e r  isotopes 

were  needed. 

lhcn t w o  m a t e r i a l s  Kennametal 1628 and Pure Carbon P5N were p i c k e d  by Ro ta t i ng  

Machinery as being pr ime bear ing candidates based upon m a t e r i a l  p r o p e r t i e s .  

Samples o f  t h e  t w o  candidate bear ing  rnatf:rials Pure Carbon P5N and Kennametal 

1628 were sent t o  Sp i re  Corporat ion f o r  c a l i b r a t i o n .  A s tudy o f  m a t e r i a l  

composi t ion and a c t i v a t  ion  products  was rriade i d e n t i f y i n g  Cobalt-56 and 

Scandium-46 as isotopes w i t h  which t o  m o n i t o r  the wear on t h e  P5N and 1628 

bear ing  m a t e r i a l .  It was then decided t h a t  s'lnce prev ious da ta  showed no wear 

f o r  t he  Kennametal 1628, t h a t  t h e  Kennametal would n o t  be used as bear ing 

m a t e r i a l ,  i n  keeping w i t h  t h e  idea t h a t  the t w a r i n g  should be t h e  s a c r i f i c i a l  

m a t e r i a l .  
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The P5N mate r ia l  was p laced i n  a vacuum a t  300°F t o  bake o u t  m o i s t u r e  p r i o r  t o  

bombardment. Based upon a dens i t y  of 1.85 g/cm t h e  P5N sample was bombarded w i t h  

a 5 . 5 6  Mev pro ton  beam a c t i v a t i n g  t h e  t r a c e  amount of i r o n  (<2%) t o  produce less  

than one m ic rocu r ie  o f  Cobal t  56 t o  depth o f  two m i l s .  
ac t i va ted ,  ma te r ia l  was removed by lapp ing  several  microns a t  a t ime and measuring 

the  corresponding decrease i n  a c t i v i t y .  

curve was determined and a f o u r t h  o rde r  po lynomia l  equat ion was made t o  model t he  

a c t i v i t y  p r o f i l e  i n  t h e  P5N (see f i g u r e  5). The c a l i b r a t i o n  used a f i v e  

parameter f i t  t o  t h e  1238 KeV peak and t h e  8 4 6  KeV peak and t h e  produc t ion  r a t e  

was measured t o  be 4 . 5  and 2.4 nanocuries p e r  m i l l i cou lomb r e s p e c t i v e l y .  

Once t h a t  sample was 

From t h i s  data a p r o f i l e  c a l i b r a t i o n  

l h i s  i s  approximately two t imes lower than i s  u s u a l l y  a v a i l a b l e  i n  bear ing 

ma te r ia l  such as s t e e l .  Consequently, t h e  c o s t  t o  produce one m i c r o c u r i e  o f  

Cobalt-56 under the  c a l i b r a t e d  condi t ions;  w i l l  be approx imate ly  $8,000 assuming 

t h e  beam i s  unco l l imated  (about 0.5 cm i n  d iameter ) .  

l h e  maximum wear f o r  t h e  P5N n a t e r i a l  i s  es t imated  t o  be s l i g h t l y  less  than one 

m i l .  

w h i l e  being ab le  t o  measure maximum removal of m a t e r i a l .  

r e s o l u t i o n  o f  t h e  1238 keV peak o f  Co-56, a f t e r  passing through t h r e e  inches o f  

s t e e l ,  vs i n i t i a l  a c t i v i t y .  

l h e r e f o r e  an a c t i v a t i o n  t o  two mils depth  w i l l  p rov ide  s e n s i t i v i t y  t o  wear 

F i g u r e  6 shows 

l h e  nex t  step i s  design and manufacture o f  t h e  de tec to r  b racke t .  

drawings o f  t he  NaI d e t e c t o r  t o  he uscd have been sent t o  R o t a t i n g  Machinery t o  

des ign a bracket  f i x t u r e  t o  ma in ta in  t h e  p w i t i o n  o f  t h e  d e t e c t o r  throughout wear 

measurements. 

Dimensional 

For the  most i n f o r m a t i v e  measurement\ t h e  !lamia ray  detec 

moved i n t o  quadrature p o 5 i t  ions around the hear ing  t e s t e r  

t he  bear ing.  l h u s  f o r  each hear ing measurement the re  wou 

o f  r a d i o a c t i v i t y  t o  mon i to r  t h e  bear ing  w m r  c i rcumferent  

o r  shou ld  be ab le  t o  be 

w a l l s ,  l i n e d  up w i t h  

d be f o u r  measurements 

a l l y .  The mea5urement.s 

should a l s o  be taken a t  t h e  same temperature throughout the  t e s t s  so t h a t  

temperature w i  1 1  n o t  i n f  luerice t h e  d e t e c t o r  spt?ct.rum. 
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The a c t i v a t e d  area would be t h e  2mr c i rcumference o f  t h e  i n n e r  d iameter  o f  t h e  

bear ing along t h e  e n t i r e  l eng th  o f  t h e  bear ing  t o  an a c t i v i t y  o f  f i v e  

microcures.  Drawings o f  t h e  bear ing  have tieen sent  t o  Sp i re  Corpora t ion  t o  

i n i t i a t e  cons t ruc t i on  o f  f i x t u r e s  t o  h o l d  and r o t a t e  t h e  bear ing  and bear ing 

subassembly w h i l e  be ing bombarded. Any a d d i t i o n a l  bear ing m a t e r i a l s  t o  be 

monitored w i t h  i so tope wear ana lys i s  would have t o  be c a l i b r a t e d  a t  S p r i r e  

Corporat  i on. 

BENTLY EDDY CURRENT PROBES 

Ben t l y  kddy c u r r e n t  probes c o n r i r t  o f  a c o i l  of  w i r e  i n s i d e  a probe s l e e v e  

connected t o  a p r o x i m i t o r .  An AC c i r c u i t  i n  t h e  probe c o i l  c r e a t e s  and EM f i e l d  

which generate eddy cu r ren ts  i n  t h e  t a r g e t  m a t e r i a l .  These t a r g e t  m a t e r i a l  eddy 

cu r ren ts  c rea te  an F.M f i e l d  opposing t h a t  o f  t h e  probe, a l t e r i n g  t h e  c u r r e n t  i n  

t h e  probe c o i l  and the  change i n  vo l tage  across t h e  c o i l  measures eddy c u r r e n t  as 

f u n c t i o n  o f  probe- to- target  gap. 

l i n e a r  d i s p l a y  on a mon i to r .  

l h e  p rc i x im i to r  cond i t i ons  t h e  probe s igna l  f o r  

Ben t l y  probes a r e  t r a d i t i o n a l l y  used a5 s h a f t  o r b i t  moni tors  by o r thogona l l y  

connect ing t w o  probes t o  an osc i l l oscope  and observ ing the L i s s a j o u s  pa t te rns .  
I n  order t o  m o n i t o r  s h a f t  speed, a " g l i t c h "  ( i - e . ,  5 m i l  deep depress ion)  i s  

machined i n  t h e  s h a f t  sur face  f a c i n g  t h e  B m t l y  and as t h e  g l i t c h  passes the  

probe face the  vo l tage drops. l hese  g l i t c h e 5  however may cause c a v i t a t i o n  and 

unbalance (un less t h e  geometry of t h e  r j l i t c h e r  balances o u t ) .  P l a t i n g  a m a t e r i a l  

w i t h  a c o n d u c t i v i t y  g r e a t l y  d i f f e r e n t  f rom tha t  o f  t he  s u b s t r a t e  m a t e r i a l  i n t o  a 

g l i t c h  w i l l  e l i m i n a t e  c a v i t a t i o n  b u t  s t i l l  enable t h e  Bent lys  t o  respond t o  s h a f t  

r e v o l u t i o n .  

A two i n c h  ou te r  d iameter  t i t a n i u m  64 dicik had f o u r  h a l f - i n c h  square areas 

machined t o  1,2,5, and 10 m i l  depths alonq i t s  c i rcumference (see f i g u r e  7 ) .  The 

d i s k  was then masked and copper-plated by a ENPI-A1E 112000 p l a t i n g  c y c l e  (see 

appendix 11). 

sur face,  then mounted on to  t h e  l a b  r o t a t i n g  demonstrator a t  v a r i o u s  RPM and 

lhese areas were then ground down t o  be f l u s h  w i t h  t h e  t i t a n i u m  
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viewed by a .190 inch  d iameter  Ben t l y  probe. The probe r e g i s t e r e d  a drop i n  

vo l tage as i t  passed t h e  copper p l a t i n g  and increased as t h e  t i t a n i u m  sur face 

passed w i t h i n  view. The copper p l a t i n g  has a c o n d u c t i v i t y  approx imate ly  f i v e  

t imes g rea te r  than t h a t  o f  t i t an ium.  Because eddy cu r ren ts  p e n e t r a t e  a s k i n  

depth i n t o  a m a t e r i a l  and s k i n  depth i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  square r o o t  

o f  t h e  e l e c t r i c a l  c o n d u c t i v i t y ,  t h e  eddy c u r r e n t s  w i l l  pene t ra te  deeply  i n t o  the  

t i t a n i u m  b u t  s i g n i f i c a n t l y  less i n t o  t h e  ccq~per.  The ampl i tude o f  t h e  s igna l  i s  

p ropor t i ona l  t o  t h e  exponent ia l  o f  t h e  n e g a t i v e  s k i n  depth.  I n  t h i s  way w i t h  

f o u r  copper p l a t e d  areas t h e  Ben t l y  probe w i l l  r e g i s t e r  a v o l t a g e  change each 

t i m e  t h e  copper passes t h e  probe and p rov ide  a f o u r  pu lse  p e r  r e v 0  u t i o n  speed 

s igna l .  

8300 RPM i s  shown i n  f i g u r e  8. The vo l tage  measured a t  t h e  copper p l a t i n g  i s  

-14.4 w h i l e  t h a t  o f  t h e  l i t a n i u m  s h a f t  i s  - 1 O V .  

The ou tpu t  o f  a Ben t l y  ( t r i g g e r e d  on a speed n u t )  v iew ing  t h e  s h a f t  a t  

For a p p l i c a t i o n  o f  t h i s  copper p l a t i n g  t o  t h e  h y d r o s t a t i c  bea r ing  t e s t e r ,  t h e  

p l a t i n g  must w i ths tand cryogenic  temperatures and s h a f t  speed up t o  200000 RPM. 

Several t i t a n i u m  6-4 coupons were capper-p la tcd as pe r  t h e  above procedure and 

the rma l l y  cyc led.  

performed, as w e l l  a s  a pee l  t e s t ,  arid t h e  coupons parsed showing no sur face 

change. 

l h e  bend t e s t  performed accord ing  t o  A S l M  E8-7/9a was 

Electroplating personriel a r e  confident that the copper p l a t i n g  w i  11 n o t  peel  o f f  

due t o  t h e  temperature grad ien t  o r  cryogen i n  t h e  bear ing t e s t e r  a l though they  

recommend a d d i t i o n a l  f l e x u r a l  and t e n s i o n  t e s t s .  

l h i s  process demonstrates the f e a s i b i l i t y  o f  us ing  a standard B e n t l y  probe t o  

measure s h a f t  speed w i t h o u t  producing imbalance and c a v i t a t i o n  i n t o  the  t e s t  

system. Drawings f o r  t h e  h y d r o s t a t i c  bea r ing  t e s t e r  s h a f t  a l r e a d y  i nc lude  copper 

p l a t e d  t a r g e t s  midway on t h e  s h a f t .  

f l e x u r a l  and tens ion  t e s t s  and c a l i b r a t e  t h e  B e n t l y  probes u s i n g  T i tan ium 64 i n  

LH2. 

l h e  reconmended n e x t  s tep  a r e  t o  per form 
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CONCLUSION 

Continued development and application of these measurement technologies is 
critical for reliability of  engine component testing and evaluation. 'Ihe fiber 
optic deflectometer shaft monitor and isotope wear analysis can provide 
information essential l o  turbopump studie5 (i . e . ,  hearing wear measurements, 
monitoring shaft orbit and shaft speed, etc.). 
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APPENDIX I 

ISOTOPES PRODUCED BY THE OTV 
HYDROSTATIC BEARING MATERIALS 

ELEMENT ISOTOPE HALF LIFE 
(dl 

** MATERIAL Pure Carbon P5N 
* ACTIVATION SOURCE Alpha 

NONE 

* ACTIVATION SOURCE Proton 
C 
L i  Be7 
F 

- 
- 

* ACTIVATION SOURCE 3He 
C Be7 
Li Be7 
F - 

0.00 

0.00 - 
0.00 - 52.28 Li7(P,A) 

** MATERIAL Pure Carbon P5-9242 

53.28 C12 (3He, 2A) 
53.28 Li7(P,A) 
0.00 - 

REACTIONS 

* ACTIVATION SOURCE Alpha 
C 
Si P3 2 14.30 Si29 (A, P) Si30 (A,NP) 
Si P3 3 25.30 Si30(A,P) 

0.00 - - 

* ACTIVATION SOURCE 3He 
C Be7 53.28 C12(3He,2P) 
Si - 0.00 - 
** MATERIAL Kennametal K801 
* ACTIVATION SOURCE Alpha 
W W185 74.80 W183 (A, 2P) 
W W188 69.40 W186 (A, 2P) 
W Re183 70.00 W182(A,3N)Os183 B- Re183 
W Re184 38.00 W182 (A,NP) 

W Re186 3.60 W183(A,P) W186(A,NP) 
W Os183 0.00 W182 (A, 3N) 
W Os185 93.60 W182 (A,N) W183 (A, 2N) W18 
C 
Ni Zn65 243.80 Ni62(A,N) 

165.00 

0.00 - - 

* ACTIVATION SOURCE Proton 
W Tal79 657.00 W182(P,A) W183(P, ) 
W Tal83 5.10 W186 (P,A) 
W W181 121.00 W182(P,NP) 
W W185 0.00 W186 ( P , NP) 
W Re183 70.00 W182(P,G) W182(P,N) 
W Re184 38.00 W183 (P,G) W184 (P,N) 

74.80 

165.00 

R I / R D  89-214 
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ISOTOPES PRODUCED BY THE OTV 
HYDROSTATIC BEARING MATERIALS 

ELEMENT ISOTOPE 

- C 
Ni Ni57 
Ni C057 
Ni (2058 

* ACTIVATION SOURCE 3He 
W Hf179 
W Hf181 
W W181 
W W185 

W Re183 
W Re184 

W Re186 

W Os185 
C Be7 
Ni Ni57 

** MATERIAL Kennametal 162B 

HALF LIFE REACT1 ONS 
(dl 

* ACTIVATION SOURCE Alpha 
Ti V4 8 
Ti v4 9 
Ti Cr51 
C - 
Ni Zn65 
Mo Mo99 
Mo Tc9 5 

Mo Tc9 6 

Mo Tc97 

Mo Ru97 
Mo RU103 
Nb Tc9 5 
Nb Nb9 5 

W Re183 
W Re184 

W Re186 

* ACTIVATION SOURCE Proton 
Ti Sc4 6 

0.00 - 
1.50 Ni58 (P, NP) 

27.10 Ni60(P,A) 
0.38 Ni61(P,A) 
71.00 

25.10 W184(3He,2A) 
42.40 W186 (3He, 2A) 
12 1.00 W18 2 ( 3HE, A) 

74.80 
70.00 W182(3He,NP) 
3 8.0 0 W18 2 ( 3He, P) 
165.00 
3.60 W186 (3He, P) 
0.00 
9 3 .6 0 W18 3 ( 3 He, N) 
53.28 C12 (3He, 2A) 
1.50 Ni58(3He,A) 

0.00 W18 6 ( 3He, A) 

15.98 Ti46(A,NP) 

27.70 Ti48 (A,N) Ti49 (A, 2N) Ti50 (A, 3N) 
331.00 Ti46(A,P) 

243.80 Ni62(A,N) 
0.00 - 
2.60 Mo97 (A, 2P) 

0.83 
4.30 Mo94 (A,NP) 
0.00 

0.00 Mo94(a,N)Ru97 B- Mo96(A,3N) B- 
2.90 Mo94 (A,N) Mo94 (A, 2N) Mo96 (A, 3N) 

61.00 MO92 (A,  P) 

90.00 2094 (A, P) Mo95 (A, NP) 

39.24 MolOO(A,N) 
61.00 Nb93(A,2N) 
3.60 Nb93 (A, 2P) 

35.00 
70.00 W182(A,3N)Os183 B- 
38. OO W182 (A,NP) 
165.00 
3.60 W183 (A, P) W186 (A,NP) 
0.00 

0.01 Ti49 (P,A) 

R I / R D  89-214 
Page 20 

Isom 

Isom 

Isom 

Isom 
Half 

Isom 

Isom 
Seco 
Isom 
Seco 

Isom 

Isom 

Isom 
Seco 

I som 



ISOTOPES PRODUCED BY THE OTV 
HYDROSTATIC BEARING MATERIALS 

ELEMENT ISOTOPE 

Ti 
Ti 
Ti 
C 
Ni 
Ni 
Ni 

Mo 

Mo 

Mo 

Mo 
Mo 
Mo 
Mo 
Mo 
Nb 
W 
W 
W 
W 

W 
W 

sc47 
V4 8 
v4 9 

Ni57 
- 
C057 
0 5 8  

Nb9 1 

Nb92 

Nb9 5 

Mo9 9 
Tc9 5 
Tc9 6 
Tc97 
Tc99 
Nb9 2 
Tal79 
Tal83 
W181 
W185 

Re183 
Re184 

* ACTIVATION SOURCE 3He 
Ti Ca4 5 
Ti V4 8 
Ti v4 9 
Ti Cr5 1 
Ti Be7 
Ni Fe55 
Ni Ni57 

HALF LIFE REACTIONS 
(d) 

84.00 

15.98 Ti47(P,G) Ti48(P,N) 
3.34 Ti50 (P,A) 

331.00 Ti47(P,N) 
0.00 - 
1.50 Ni58(P,NP) 

271.00 Ni60(P,A) 
0.38 Ni61(P,A) 
71.00 
62.00 Mo94 (P,A) 
0.00 
10.00 Mo95(P,A) 
0.00 
3.60 Mo98 (P,A) 
35.00 

61.00 Mo95(P,N) Mo94(P,G) 
4.30 Mo95 (P,G) Mo96 (P,N) 
90.00 Mo96(P,A) Mo97(P,N) 
0.00 Mo98(P,G) 
10.10 Nb93 (P,NP) 
657.00 W182(P,A) 
5.10 W186(P,A) 

121.00 W182 (P,NP) 
0.00 W186 (P,NP) 

2.60 MolOO(P,NP) 

74.80 
70.00 W182 (P,G) W183 (P,N) 
38.00 W183(P,G) W184(P,N) 
165.00 

165.00 Ti50(3He,2A) 
15.98 Ti46(3He,P) Ti47(3He,np) 

27.70 Ti49(3He,N) 
53.28 C12 (3He, 2A) 
978.00 Ni60(3He,2A) 
1.50 Ni58(3He,A) 

331.00 Ti48 (3He,NP) 

** MATERIAL 
* ACTIVATION SOURCE 

0.00 

** MATERIAL Kennametal 162B 
* ACTIVATION SOURCE 3He 
Mo Mo9 9 
Mo Tc9 6 

2.60 Mo100(3He,A) 
4.30 Mo94(3He,P) Mo94(3He,NP) Mo95(3He,NP) 
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ISOTOPES PRODUCED BY THE OTV 
HYDROSTATIC BEARING MATERIALS 

ELEMENT ISOTOPE 

Mo Tc97 
Mo Tc9 9 

Mo Zr89 

Mo Zr95 
Mo Nb9 5 

Nb Y88 
Nb Nb92 
Nb Tc95 
W Hf 179 
W Hf181 
W W181 
W W185 

W Re183 
W Re184 

W Re186 

W Os185 

HALF LIFE REACTIONS 
(a 

90.00 Mo95(3He,N) 
0.2 5 Mo97 ( 3He, P) 
0.00 
0.07 Mo94(3He,2A) 
3.30 
64.03 Mo100(3He,2A) 
3.60 Mo100(3He,2A) B- Nb95 
35.00 
106.60 Nb93 (3He, 2A) 
10.10 Nb93 (3He,NP) 
61.00 Nb93 (2He,N) 
2 5.10 W184 ( 3He, 2A) 

12 1.00 W182 ( 3He, A) 
0.01 W186(3He,A) 

74.80 
70.00 W182 (3He, NP) 
38.00 W182 (3He, P) 
165.00 
3.60 W186 (3He, P) 
0.00 

93.60 W183 ( 3He, N) 

Mo98 ( 3He, NP) 

42.40 W186 (3He, 2A) 

** MATERIAL 
* ACTIVATION SOURCE 

0.00 

** MATERIAL P5Z-T5 
* ACTIVATION SOURCE Alpha 
Zr Zr89 
Zr Mo9 1 
Zr Mo9 9 
Zr Nb9 1 

Zr Nb9 2 

Zr Nb9 5 

- 0 

3.30 Zr90(A,N) 
0.00 Zr90 (A, 3N) 
2.80 Zr96 (A,N) 
62.00 Zr90(A,3N)Mo91 B- Nb91 
0.00 
10.00 Zr90(A,NP) 
0.00 
3.60 Zr92 (A, P) 
35.00 
0.00 - 

Isom 
Seco 
Isom 

Isom 

Isom 

Isom 

Isom 
Seco 

B- d 

Isom 
Seco 
Isom 
Seco 
Isom 

* ACTIVATION SOURCE Proton 
Zr Y87 
Zr Y88 
Zr Y91 

Zr Zr95 
Zr Nb9 1 

3.30 Zr90 (P,A) 
106.60 Zr91(P,A) 
0.80 Zr94(P,A) 
58.00 
65.00 Zr9 6 (PI NP) 
62.00 Zr91 (P,N) Zr90 (P,G) 
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ISOTOPES PRODUCED BY THE OTV 
HYDROSTATIC BEARING MATERIALS 

ELEMENT ISOTOPE 

Zr Nb9 2 
Zr Nb9 5 
0 - 
* ACTIVATION SOURCE 3He 
Zr Sr85 

Zr Sr89 
Zr Zr95 
Zr Nb9 1 

Zr Nb9 2 

Zr Nb9 5 
Zr Sr9 1 

Zr Y91 

- 0 

** MATERIAL NC 132 

HALF LIFE REACTIONS 
(dl 

10.10 Zr91(P,G) Zr92(P,N) 
3.60 Zr94(P,G) Zr96(P,NP)Zr95 B- Nb95 
0.00 - 

0.04 Zr90 ( 3He, 2A) 

50.50 Zr94 (3He, 2A) 
65.00 Zr96 (3He,A) 
62.00 Zr90(3He,NP) 

10.00 Zr90 (3He, P) 

65.00 

0.00 

0.00 
3.60 Zr94(3He,NP) Zr96(3He,A)Zr95 B- Nb95 
0.40 Zr96(3He,2A) 
0.00 
0.83 Mo100(3He,2A)Zr95 B- Y91 

58.50 
0.00 - 

* ACTIVATION SOURCE Alpha 
Si P3 2 14.30 Si29 (A, P) Si30 (A,NP) 
Si P3 3 25.30 Si30(A,P) 
N - 0.00 - 
* ACTIVATION SOURCE Proton 

0.00 

* ACTIVATION SOURCE 3He 
Si Si29 14.30 Si30 (3He, P) 
N 0.00 - - 
** MATERIAL Carbon-Carbon 
* ACTIVATION SOURCE Alpha 

0.00 

* ACTIVATION SOURCE Proton 
0.00 

* ACTIVATION SOURCE 3He 
C Be7 53.28 C12 (3He, 2A) 

Isom 

B- D 
Isom 
Seco 
Isom 
Seco 
Isom 
B- D 

Isom 

No G 
No G 

No i 

No G 

No i 

No i 
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ELEMENT ISOTOPE HALF LIFE 
(a 

** MATERIAL 
* ACTIVATION SOURCE 

0 . 0 0  

** MATERIAL Kennametal 162B 

ISOTOPES PRODUCED BY THE OTV 
HYDROSTATIC BEARING MATERIALS 

REACTIONS 

* ACTIVATION SOURCE Alpha 
Nb Nb9 5 36.30 Nb93(A,2P) 

* ACTIVATION SOURCE Proton 
Ni C057 271.80 Ni58(P,2P) 

* ACTIVATION SOURCE Alpha 
Ni C057 271.80 Ni58(A,2P) 

Isom 
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APPENDIX  I I  

PLEASE FOLLOW THE FOLLOWING PROCEDURE TO PLATE THE COUPONS. 

1. ENBOND 127s BATH 

IMMERSE FOR 5 MINUTES 

COLD WATER RINSE 

COLD WATER RINSE 

2. TERNARY A C I D  PICKLE 

IMMERSE FOR 60 SECONDS OR U N T I L  UNIFORM GASSING IS OBSERVED. 
(PLEASE RECORD THE T IME)  

COLD WATER RINSE 

3.  ACTANE T I  2000 

IMMERSE FOR 10 MINUTES OR U N T I L  A DARK GREY SURFACE 
APPEARANCE IS NOTICED. (PLEASE RECORD THE TIME).  

COLD WATER RINSE 

4. 10% HYDROCHLORIC A C I D  

IMMERSE FOR 5 MINUTES 

COLD WATER RINSE 

5. ULTRASONIC WATER RINSE 

100 - 1500F - 5 MINUTES OR U N l I L  A UNIFORM SILVER/GREY 
SURFACE APPEARANCE. 

COLD WATER RINSE 

6. WOOD'S N I C K E L  STRIKE.  

COLD WATER RINSE 

7. EDCOPPER - 3 TO 5 M I L .  
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. 

P l e a s e  make  up the  fo l lowing  baths. 

1. 

2 .  

3 .  

4 .  

5 .  

ENBOND HP 127s. 

ENBOND HP 127s 70 G/L 
TEMPERATURE - 1900F 
TANK - M I L D  STEEL 

P.S. SOLUTION I S  CAUSTIC 

TERNARY ACID PICKLE.  

ACTANE 70 30 G/L 
CONC. SULFURIC A C I D  6.5% BY VOLUME 
CONC. N I T R I C  A C I D  (70%) 12.5% BY VOLUHE 

ROOM TEMPERATURE 
TANK - PLASTIC OR RUBBER LINED. 

P.S. SOLUTION CONTAINS FLUORIDE. 

I 

AClANE TI2000 

USE FULL STRENGTH. 
p H  1.7 - 1.8 (USE p H  PAPER TO MEASURE THE PH) 
TEMPERATURE - 1580F 
TANK - POLYPRO OR PLASTIC  L I N E S  
HEATER - TEFLON COATED. 

P.S. SOLUIION CONTAINS FLUORIDE 

10% HYDROCHLORIC ACID.  

CONC. HYDROCHLORIC A C I D  - 10% BY VOLUME. 

WOOD/S NICKEL STRIKE.  (STANDARD) 
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